Objective: Recent studies suggest that tranilast inhibits a variety of agents implicated in neointimal growth and restenosis in experimental animal models and humans. We report here a study evaluating the efficacy of tranilast in the rat carotid artery balloon angioplasty model, a model that mimics many aspects of the percutaneous transluminal angioplasty procedure in humans. Efficacy was determined based on in vivo and ex vivo magnetic resonance imaging (MRI) as well as by histomorphometry. The utility of this study, using a reverse paradigm, is to investigate if agents successful in the clinic can demonstrate efficacy in this animal model primary screen as measured by MRI and histomorphometry. Methods: Tranilast (300 mg / kg / day, p.o.) was administered to Sprague-Dawley rats 3 days prior to balloon injury and continued for 14 days after injury. Three methods of measuring the vascular injury that occurs in this model were employed: (1) in vivo MRI, used to measure in vivo lumen volumes for the carotid artery once at baseline (pre-surgery) and again at 14 days post angioplasty; (2) ex vivo MRI (and histomorphometry), used to evaluate the total arterial wall thickness and the intima-to-media ratio; and (3) analysis of collagen density, used to evaluate the efficacy of tranilast to abrogate collagen synthesis and deposition following vascular injury. Results: Tranilast provided 33% protection (P,0.05) from angioplasty-induced lumen narrowing as measured by MRI in vivo. The results of the ex vivo MR analysis of total wall thickness showed a 14% protection of angioplasty-induced narrowing (P,0.05), and the mean intima-to-media ratio showed a 39% (P,0.006) protection for the tranilast-treated rats. Histological analysis of the mean intima-to-media ratio demonstrated that tranilast provided 36% (P,0.01) protection in the intima-to-media ratio. Further, treatment with tranilast showed a 52% reduction in collagen density of the intimal layer and a 70% reduction in collagen density of the medial layer of the injured arteries. Conclusion: The data obtained by in vivo MRI, ex vivo MRI, histology and collagen analysis demonstrate that tranilast provided significant beneficial effects in inhibiting neointimal formation in the rat carotid artery model. Also this study, to the best of our knowledge, is the first to harness complimentary information from various technologies, including lumen patency by in vivo MRI, neointimal formation by ex vivo MRI and conventional histomorphometry, and histological analysis for collagen density, to provide a comprehensive understanding of the pathology in this disease model.
Introduction
is an increasingly used procedure for treating patients with ischemic coronary artery disease; however, approximately Percutaneous transluminal coronary angioplasty (PTCA) 30-50% of patients suffer from vascular restenosis within 6 months of the procedure. Four principal cellular events *Corresponding author. Tel.: 11-610-270-6071; fax: 11-610-270-6206.
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0008-6363 / 00 / $ -see front matter © 2000 Elsevier Science B. V. All rights reserved. PII: S0008-6363( 00 ) have been identified contributing to lesion formation: (1) treated daily by oral gavage with either the vehicle (0.5% thrombosis, (2) cellular proliferation, (3) cellular migration methyl cellulose) or tranilast (300 mg / kg, p.o.) for 3 days and infiltration and (4) matrix production [1] .
prior to surgery. The dose of tranilast used for these studies Existing evidence suggests that tranilast, an anti-allergic was based on previous reports [12] . Further, based on drug, may prevent restenosis after PTCA by inhibitory DMPK analysis, this dose of tranilast achieved blood effects on proliferation, migration, c-myc gene expression, levels comparable to those seen in patients. In patients, and collagen synthesis of vascular smooth muscle cells [2] . studies have been conducted in which the total daily dose Several studies demonstrate that tranilast can inhibit was 600-900 mg. Before surgery the rats were anescollagen synthesis and platelet derived growth factor thetized with a combination of ketamine (50 mg / kg) and (PDGF) induced proliferation of vascular smooth muscle xylazine (10 mg / kg, i.p.). Left common carotid artery cells [3] [4] [5] . Tranilast has also been shown to stabilize mast balloon angioplasty was performed under aseptic concells [6] , act as an antifibrotic agent [7] , enhance nitric ditions as described previously [20] . The left distal comoxide (NO) production [8] , and inhibit reactive oxygen mon carotid and the external carotid arteries were exposed species production [9] , transforming growth factor b 1 through a midline incision in the neck. A sterile, 2F (TGF-b ) expression [10] , prostaglandin E (PGE ) re- 1 2 2 Fogarty arterial embolectomy catheter (model 12-060-2F, lease [10] , and endothelin expression [11] . All of these Baxter Healthcare) was introduced through the external factors and mechanisms have been implicated in the carotid artery and guided through the common carotid pathogenesis of restenosis. A recent study in the rabbit artery down to the aortic arch. The balloon was then reported that tranilast decreased intimal area, intima:media distended sufficiently with saline to generate slight resistratio, stenosis ratio and vascular DNA content after ance and withdrawn back to the site of insertion. This endothelial injury [12] . Following photochemically inprocedure was performed twice. The catheter was subduced thrombosis, tranilast also produced dose-dependent sequently removed and the external carotid ligated with 4.0 inhibition of intimal thickening in rat femoral arteries [13] .
silk suture without occluding flow to the occipital artery. While a large randomized clinical trial to test the efficacy
The wound was closed with 3-0 Prolene suture (Ethicon, of tranilast is underway, in several recent smaller clinical Somerville, NJ, USA), and the area was swabbed with trials in humans, tranilast was reported to be efficacious in betadine solution. The animals were housed in Plexiglass preventing restenosis following PTCA [14] [15] [16] . Based on cages under a 12 h light-dark cycle. All animals were these findings, we examined the effects of tranilast in the allowed food and water ad libitum post surgery. The rat carotid artery balloon angioplasty model. This is the animal study protocol was approved by the SmithKline experimental animal model most extensively used as a
Beecham animal care committee. The investigation conprimary screen for evaluating agents that can inhibit forms to the Guide for the Care and Use of Laboratory vascular damage and neointimal formation. The utility of Animals published by the US National Institutes of Health this study, using a reverse paradigm, is to investigate if (NIH Publication No. 85-23, revised 1996). agents successful in the clinic can demonstrate efficacy and validate this primary screen. Furthermore, the efficacy of 2.2. In vivo MRI methods tranilast in other pre-clinical models has only been measured by conventional histomorphometry which is limited Rats from each of the two groups (n514 in vehicle-and from addressing the vasoconstrictive aspect of the disease n513 in drug-treated group) were imaged twice, once at in vivo due to the inherent problems associated with baseline and again at day 14 post angioplasty, using a absence of local internal blood pressure and tissue shrink-4.7T / 40 cm Bruker imaging spectrometer (Billerica, MA, age [17, 18] . Recently magnetic resonance imaging (MRI) USA). For each imaging session the animals were anesmethods have been successfully incorporated to address thetized lightly with a 1-1.5% isoflurane (Ohmeda Caribe) this aspect of the disease [17] [18] [19] MRI to perform a comprehensive investigation of tranilast spin-echo sequence (TR / TE54000 / 23 ms; Field of in the rat carotid model. In addition to in vivo MRI and view5333 cm; matrix size52563256; slice thickness5 conventional histology, ex vivo high resolution MRI was 1.5 mm; no. of slices518) was used with flow dephasing used to cross validate the histomorphometric measuregradients (1G / cm; duration55 ms). A 9 strut half-birdcage ments. Further, collagen analysis was also performed to RF resonator was used for both transmission and reception. demonstrate the efficacy of tranilast at reducing collagen All images were cardiac gated with the trigger for data deposition in this model, given its increased fibrillar acquisition set to 40 ms from the QRS complex. Motion collagen content.
artifacts from respiration did not significantly affect the image quality eliminating the requirement for simultaneous 2. Methods respiratory gating. Data acquisition time was¯35 min per animal.
Balloon angioplasty
The index for quantitative monitoring of the vascular injury was defined as the lumen volume measured along a Male, Sprague-Dawley rats (350-400 g) were prefixed section of the carotid artery. This volume was obtained by adding cross-sectional lumen areas from Bruker (Billerica) 9.4T vertical bore magnet. Data acquisicontiguous slices over a length of 1.05 cm and multiplying tion time was¯135 min per vessel. the sum so obtained by the thickness of each slice. The Total wall thickness (intima1media) was measured by a origin of this length was always set with respect to internal combination of manual / intensity based segmentation at anatomical landmarks (3 mm distal to the external and four sites chosen to maximally overlap sections used in internal carotid bifurcation) so that minor positioning conventional histology (2.5, 4.5, 6.5 and 8.5 mm from the variations in the magnet would not contribute to significant anatomical bifurcation of the internal and external carotid errors. The first two slices from the bifurcation (each 1.5 arteries). In the absence of a clear demarcation between mm thick) were excluded from quantitative measurements media and neointimal layers in the ex vivo MR images, the since no apparent changes in the lumen areas were initmal area were obtained by subtracting the area of observed at these sites in the MRI for both the control and normal vessels without the intimal layer (contralateral the drug-treated groups.
carotid arteries of the same animals) from the total vessel wall (of the injured artery). The I / M ratios were calculated 2.3. Ex vivo MRI methods using the intimal area so obtained.
At the end of the study, the animals were euthanized 2.4. Histological methods (sodium pentobarbital; 65 mg / kg, i.p.) and their common carotid arteries were dissected following in situ perfusion
Following ex vivo analysis, four 5-mm arterial crossfixation (with saline and formalin at a pressure of 100 sections were cut from paraffin blocks containing the mmHg). The carotid arteries were cleared of all external middle portion of these arteries. Four sections of the artery tissue and stored in 10% buffered formalin. For ex vivo were averaged for the histological analysis. Section 1 MRI, the arteries were inserted in a capillary tube (2.2 mm corresponds to the section closest to the middle of the diameter) and then centered in a 6 mm RF coil. A 3-D intact artery and section 4 corresponds to the portion of the Fourier Transform spin-echo sequence (TR / TE5500 ms / 6 artery most proximal to the aortic arch end of the vessel. ms; matrix size52563128364; field of view of 0.430.43
The arteries were then processed for standard hematoxylin 2.0 cm providing a resolution of 163323312 mm [3] ) on a and eosin staining. The morphometry of these vessels was quantified using a Bioscan Optimus (Edmonds, WA, USA) cell imaging system. For histomorphometric analysis, the overall area of the vessel, the overall area under the elastic lamina, and area of the lumen were determined for each section of the vessel from which appropriate algebraic calculations were made to obtain the neointima, media and lumen area for each vessel.
Measurement of percent collagen content in blood vessels
Carotid artery tissue samples were collected 14 days after angioplasty and prepared for staining as described above (histological methods). Following standard histological processing and embedding in paraffin, 6 mmthick sections were prepared for collagen analysis using picrosirius red staining. Briefly, sections were stained with 0.1% sirius red FB3A (Polysciences, Warrington, PA, USA) in saturated picric acid (Sigma, St. Louis, MO, USA) for 30 min at room temperature. The stained sections were observed under polarized light and viewed using an Olympus I370 microscope. With this method, collagen is stained orange / red. To determine the percentage of fibril- percentage collagen content was calculated relative to the total vessel area. Collagen analysis was performed for the intima and media of balloon-injured vessels of animals group at baseline and at day 14. In each case, anatomically treated with tranilast or vehicle (n53 animals, two sections near-identical areas are shown to demonstrate the efficacy analyzed for each) and for a sham group (n53 animals, of tranilast to provide protection from lumen loss after two sections analyzed for each).
angioplasty. The volume index, calculated from seven such contiguous slices, was plotted for both the vehicle-and the 2.6. Data analyses and statistics tranilast-treated groups at pre-surgery and at day 14 post surgery ( Fig. 3) . In terms of absolute values, the baseline All results (in vivo MRI, ex vivo MRI and histomorpresurgery value for the tranilast-treated group was 3 3 phometry) are presented as mean6SEM and n represents 10. volumes. Statistical comparisons were made using either a 11.5860.24 mm , respectively at this time point. As one-way analysis of variance, or a t-test. Values were indicated in Fig. 3 , the left artery for both groups had considered to be significant at P,0.05.
developed statistically significantly smaller lumen volumes on day 14 as compared to their baseline values (P,0.005 for the vehicle group; P,0.005 for the tranilast group).
Results
Taken as a percentage of the baseline values however, the vehicle group demonstrated a 40.4% decrease in lumen 3.1. MRI analysis -in vivo volume as measured by this index as opposed to 26% for the tranilast-treated group. Therefore, tranilast provided a Fig. 4 demonstrates cross-sectional views of the rat carotid arteries under different experimental conditions. The ex vivo MR images of normal vessels (media) show an iso-intense ring surrounded irregularly by adventitia (Fig. 4A) . The boundary between the media and adventitia is demarcated by a small dark band, representative of the innermost layer of adventitial tissue. The image of ballooned artery (vehicle-treated) shows a significant increase in wall thickness (Fig. 4B ). An image from a vessel of a rat treated with tranilast is shown in Fig. 4C . In conventional histomorphometric analysis, significant attenuation of the intima / media ratio was obtained (Fig. 5) . By ex vivo MR analysis, there was significant attenuation of neointimal growth as can be seen by the reduction in the total wall thickness of the artery in the tranilast treated group (Fig. 6a) . The mean wall thickness area of the four sections from the various groups for MRI analysis were (Fig. 6a) . histomorphometry show significant protection in the vessels from rats treated with tranilast.
MRI analysis -ex vivo
significant increased lumen volumes on day 14 with 3.3. Histological analysis respect to their baseline volumes (P,0.05 for the vehicle group; P,0.05 for the drug group).
A pronounced neointima was formed in the left common cient r520.54 for the vehicle group (n523), P,0.05; r520.75; for the drug-treated group (n513), P,0.05). Additionally, the correlation plot between ex vivo MRI and histomorphometry is also shown in Fig. 7b . The data indicate a significant positive correlation between the measurements (correlation coefficient r50.71 for the vehicle group (n520) with P,0.05; and r50.89 for the drug-treated group (n512) with P,0.05).
Percent collagen content analysis
Tissue sections of balloon-injured carotid arteries collected 14 days after angioplasty were analyzed for percent collagen content following picrosirius red histological staining (Fig. 8A) . The results demonstrated that the average collagen content within injured blood vessels treated with vehicle (n53) was 2.760.5% in the intima and 7.160.6% in the media (Fig. 8B) . In animals treated with tranilast (300 mg / kg, n53), the collagen content was 1.360.2% in the intima and 2.260.2% in the media (Fig.  8B) . Tranilast reduced the collagen content in the intima after balloon angioplasty by 52% (P,0.02) and in the media by 70% (P,0.005).
Discussion
Previous studies indicate that tranilast inhibits vascular smooth muscle cell migration and proliferation as well as accumulation of extracellular matrix [3] [4] [5] 21] . Since various growth factors and cytokines are involved in matrix synthesis as well as inflammatory responses, the rat carotid artery balloon injury model is an ideal experimental model for studying the efficacy of agents that potentially inhibit neointimal growth. The present study is in agreement with previous reports that tranilast may prevent restenosis after PTCA and extends those findings to the rat balloon-injured correlations between clinical outcome and experimental laboratory studies, using diagnostic tools (e.g. MRI) comcarotid artery 14 days following angioplasty (Fig. 4) . No monly used in the clinic, improves the confidence of neointima was detected in the contralateral arteries in the results generated in the laboratory. drug or vehicle-treated rats. Administration of tranilast
The in vivo MRI data is best appreciated when viewed produced a significant reduction in the mean neointima to as additional information obtained along with the ex vivo media ratio formation compared to vehicle-treated rats measurements. As a non-invasive measurement of the (36%) (Fig. 5) . To explore the correlation between the in disease in its most native in vivo state, MRI clearly adds vivo MRI data and conventional histology, the MR index an extra dimension to the study. The lumen volume index was plotted against the corresponding I / M ratio index for obtained with in vivo MRI provides the opportunity to each individual animal in the study (Fig. 7a) . The plot understand the in vivo injury-response following balloon indicates the large inter-animal variability with respect to denudation in the rat and generates additional information both indices and illustrates a statistically significant degree regarding actions of pharmacological agents under the of correlation between the two indices (correlation coeffiinfluence of numerous in vivo parameters. It has been postulated therefore [18, 19] , that the efficacy of a therahistomorphometry) may not be identical. Additionally, peutic agent as measured by these two indices (in vivo systematic variations in the two technologies, e.g. spatial lumen index from MRI and ex vivo I / M ratio from volume effects from thicker sections in in vivo MRI, shrinkage artifacts in histology, etc. may adversely affect There is a close agreement in the inhibition of neointima the correlation. To explore further this issue, a correlation formation by tranilast as calculated by the mean intima-tobetween the MR index and the corresponding I / M ratio media ratio by ex vivo MRI and conventional histology. In index was determined. As shown in Fig. 7A , there was a addition, a significant correlation exists between the ex statistically significant correlation between the measurevivo MR estimates of I / M ratios and those obtained from ments by the two techniques. Further, the difference histology confirming the fact that the two technologies between the global mean values of the two measurements measure comparable aspects of the disease. Mathematicalis more pronounced on the histology axis than on the MR ly the dynamic range of the changes in neointima-to-media axis. These data, therefore, add further merit to the ratio is higher than that in the total wall area. Tranilast hypothesis that despite a significant correlation between achieved significant protection for the I / M ratio index in structural regrowth of the intimal layer and lumen loss, both ex vivo MR and histology. For the total wall area there may be compensatory mechanisms (vascular or measurements, however, it achieved significant protection functional or both) of the disease in vivo, which may only in ex vivo MRI. influence the in vivo measurements leading to smaller Collagen deposition contributes to neointima formation differences in the MR volume index between the treated following balloon injury [1, 12] . It has also been suggested and untreated groups of animals [18, 19] . This further that increased collagen production contributes to smooth highlights the importance of in vivo MRI since it demmuscle cell migration [3] . Tranilast has been reported to onstrates that a large reduction of I / M ratio may not inhibit collagen synthesis in cultured human vascular always be accompanied by a concomitant increase in in smooth muscle cells [3, 5] and in rabbit balloon injury vivo lumen volume or area. In clinical evaluations, model [12] . The results of the studies presented here changes in in vivo lumen diameters, assessed by angiogdirectly demonstrate that tranilast reduces percent collagen raphic techniques usually serve as clinical end points.
content in a rat model for restenosis and further support From this perspective, use of in vivo MRI provides an that reduction in collagen content directly correlates with option to evaluate such in vivo indices in early pre-clinical reduced intimal thickening. However, it has been reported testing [18, 19] . Certainly in experimental models where by Coats et al. [23] that, following balloon angioplasty in a arterial remodeling is important, like the rabbit, an in vivo rabbit model there is an increase in total collagen content index could provide critical information [22] . Moreover, although restenotic vessels contain less collagen than additional information generated by in vivo MRI volunonrestenotic vessels. This reduced collagen content corremetric analysis provides an opportunity to study the lated with an observed increase in matrix metalloproteinase changes in lumen volume at various time points in the (MMP) activity. The reorganization of the extracellular whole animal, an option not feasible with conventional matrix that occurs following balloon angioplasty is due in histological analysis [19] . In this context it is important to part to enhanced collagen and MMP synthesis. Therefore note that in vivo MRI data has equal contributions from all the balance between matrix deposition and degradation relevant slices chosen from appropriate sections on the influences the degree of restenosis. However, in the rat artery. Therefore, this index represents an appropriate model used in our study, less MMP activity is present metric for the global injury along the length of the artery.
compared to the rabbit model used by Coats et al. [23] . In A secondary advantage of calculating volumes comes from particular, collagenase is absent in the rat carotid injury the fact that random errors from tracing, thresholding, etc.
model [24] . Since collagenase is not expressed in the rat at each slice does not significantly affect the data. Theremodel, then the overall levels of fibrillar collagen are fore the volume index, measured over appropriate sections, expected to be greater. This would explain why an is more robust than a single slice measurement. The increased fibrillar collagen content in the rat model of resolution of the in vivo MR images used in this analysis neointima formation when compared to the rabbit model. was of the order of 120 mm in-plane. In this experimental
These results demonstrate clearly that in the animals set up it would be reasonable to assume that a change of treated with tranilast, collagen content was reduced, and 2-3 pixels in-plane in lumen diameters would be discernthis reduction corresponded with increased lumen patency ible, with some image analysis experience.
and reduced neointima formation. The mean overall wall area of the vessels, as measured In summary, the data obtained by in vivo, ex vivo MRI by ex vivo MRI, in the tranilast-treated group was sigand histology demonstrated that tranilast provided benefinificantly lower than that in the vehicle-treated group. By cial effects in inhibiting neointimal formation in the rat histomorphometrical analysis, though, no difference on carotid artery balloon injury model. Also this study, to the total wall area were noted between the tranilast-treated best of our knowledge, is the first to harness complimengroup and the vehicle-treated group. Some systemic varitary information from various technologies i.e. lumen ables like exposure to repeated dehydration / rehydration patency by in vivo MRI, neointimal formation by ex vivo cycles, differential sensitivity to hydrated molecules like MRI morphometry and conventional histomorphometry, collagen, may contribute to such changes when absolute and collagen analysis to provide a comprehensive analysis areas are compared.
of neointimal formation in this experimental model.
